Polyamines are required for cellular growth and differentiation. In mammals and fungi they are synthesized via a pathway involving ornithine decarboxylase (ODC), which transforms ornithine into putrescine. We have cloned and disrupted the gene coding for ODC in Yarrowia lipolytica to analyze the role of polyamines in dimorphism of this fungus. Substrate-and cofactor-binding motifs, as well as two putative PEST boxes were identified in the amino acid sequence. A single transcript 1.7 kb in size was identified by Northern hybridization, and confirmed by rapid amplification of cDNA ends (RACE). Null mutants lacked ODC activity and behaved as polyamine auxotrophs. When low levels of polyamines were supplied to the null mutant, only yeast-like, but not mycelial growth was sustained. This phenomenon was confirmed by introduction of the YlODC gene under the control of an inducible promoter into the null mutant. ß
Introduction
Yarrowia lipolytica is a dimorphic organism that grows as a mixture of yeast-like and short mycelial cells in solid and liquid media. Study of the environmental factors involved in the regulation of the dimorphic transition indicates that use of N-acetylglucosamine (GlcNAc) induced mycelial growth [1] . Y. lipolytica appears to be a useful model for the study of dimorphism in fungi, since it may be subjected to genetic manipulation [2^4] and transformation [5, 6] .
Polyamines are essential polycationic micromolecules that play important roles in growth and di¡erentiation in a number of organisms [7^9] . Among the many roles played by polyamines, it has been described that they protect DNA from enzymatic degradation, X-ray irradiation, mechanical shearing and oxidative damage [10] . They also stabilize RNA, prevent ribosome dissociation, stimulate DNA and RNA synthesis, and improve the ¢delity of translation in vitro [10] . In mammals and fungi polyamines are synthesized by a pathway initiated by ornithine decarboxylase (ODC) with formation of putrescine from ornithine.
Transient increases in the levels of ODC and polyamines have been shown to take place during the yeast-to-hypha transition in di¡erent dimorphic fungi [11^13] , including Y. lipolytica [14] . A role of polyamines in dimorphic transition is also sustained by the observation that ODC inhibitors such as 1,4-diaminobutanone block the yeast-tohypha transition in di¡erent fungi, Y. lipolytica included [10, 14, 15] .
Recently, we have demonstrated that dimorphic fungal mutants a¡ected in ODC displayed a dependence on the concentration of polyamines to engage in their dimorphic transition. Both Ustilago maydis [16] and Candida albicans [17] required higher concentrations of putrescine to grow in mycelial form than to satisfy their auxotrophic requirements. In this study we have proceeded to obtain ODC null mutants of Y. lipolytica by reverse genetics, in order to further investigate this phenomenon.
Materials and methods

Strains, plasmids and culture media
The strains of Y. lipolytica, used in this work, were PO1a (MatA, leu2-270, ura3-302), FJOD (MatA, leu2-270, ura3-302, vodc) carrying a disruption of the YlODC gene, FJCO derived from FJOD (MatA, leu2-270, vodc/ pFJ4 (YlODC )) carrying a plasmid with the YlODC ORF under the control of the metallothionein (METI-II) promoter, and FJODC (MatA, leu2-270, vodc, YlODC), an integrative transformant obtained from FJOD by reintroduction of the wild-type ODC gene. All strains were grown in YEPD medium containing 1% yeast extract, 1% peptone and 1% glucose, or in MM medium (0.67% yeast nitrogen base, 1% glucose), supplemented with leucine and/or uracil, each at 50 Wg ml 31 , and variable concentrations of putrescine as required.
Plasmids used in the study were the following: pFJ1, a pBKS+ plasmid containing the YlODC gene in a 3.5 kb KpnI-KpnI genomic fragment ; pFJ2, obtained from the former by insertion of the YlURA3 gene ; pFJ3 obtained from the former by partial deletion of YlODC ; pFJ4 derived from pINA444, containing the YlODC ORF under the control of the MTPI-II promoter (see Section 3); and PFJ5, a pET-28b plasmid (Novagen, Madison, WI, USA) containing the YlODC ORF driven by the T7lac promoter (see Section 3).
Media and procedures used for yeast transformation have been described by Xuan et al. [18, 19] . Dimorphic transition was carried out as previously described [1, 14] . Growth was measured as optical density at 600 nm, and the proportion of yeast and mycelial cells in the cultures was assessed by phase contrast microscopic observations, counting a minimum of 200 cells. Reported data are representative of at least three di¡erent experiments.
The Escherichia coli strain used for transformation and ampli¢cation of recombinant DNA was DH5K [20] grown on LB broth [21] . The polyamine auxotrophic strain of E. coli EWH 319 [22] was used to determine the functionality of the YlODC gene in the bacterium. Other bacterial strains were also grown in M9 minimal salts medium [21] supplemented with kanamycin (50 Wg ml 31 ) for plasmid selection.
DNA manipulations
Total DNA from Y. lipolytica was obtained as described by Raeder and Broda [23] for ¢lamentous fungi. Restriction enzyme digestions and DNA ligations were performed according to the recommendations of the manufacturers (Promega, Madison, WI, USA; Fermentas, Hanover, MD, USA). Isolation of plasmid DNA from E. coli was performed using standard procedures [21] . DNA fragments to be used as probes were labeled by random priming with 32 P, and used according to the instructions of the manufacturer (Amersham Pharmacia Biotech., Piscataway, NJ, USA).
RNA preparations and Northern analyses
RNA was prepared from exponentially grown cells in YEPD, by the method of Percival-Smith and Segall [24] , using a kit from BIO 101 (Vista, CA, USA). Prehybridization and hybridization were performed according to standard procedures [21] .
Sequence analysis
The 3.5 kb DNA restriction fragment harboring the YlODC gene was subcloned into pBluescript plasmids (KS+, Stratagene, La Jolla, CA, USA). DNA sequencing was conducted with double-stranded templates on an ABI PRISM 377 DNA automated sequencer (Perkin Elmer). Nucleotide and amino acid sequences were analyzed using the DNASTAR, DNAStrider 1.1 programs and PSORT (version 6.3 WWW). The amino acid sequence of Ylodcp was compared with the Swiss-Prot data bank using the FASTA program [25] . Alignments of amino acid sequences were done with CLUSTAL programs [26] . The sequence data reported here have been assigned EMBL accession No. AJ237707.
Identi¢cation of the transcription start point (tsp) and polyadenylation site
The RACE procedure was conducted to identify the tsp and poly(A) addition sites of the YlODC gene [27] . To this aim a commercial kit (Gibco Life Technologies, Rockville, MD, USA) was employed. RNA was obtained as described above, and subjected to RT-PCR. The ampli¢ed products were subcloned into p-GEM and sequenced as above. The sequences of the gene-speci¢c antisense primer (910^935 bp) used for 5P-RACE, and the gene-speci¢c sense primer (1517^1535 bp) used for 3P-RACE were, respectively, as follows: 5P-AAGACTCCTTCTTCGTGGC-TGACCT-3P (GSP1), and 5P-TCGGACGATTCCTTT-GAGTCCTCT-3P (GSP2). Additional nested oligonucleotides necessary for the method were designed according to the sequence previously obtained.
Other methods
In order to isolate the YlODC gene, a minigenomic library of Y. lipolytica KpnI fragments of approx. 3.5 kb was prepared in pBKS+. Selection of the restriction enzyme was based on the fact that genomic DNA digested with KpnI displayed a single hybridization band of this size when challenged with the previously described Y. lipolytica ODC gene fragment obtained by PCR [28] . This same fragment was used as a probe to screen the minigenomic library.
The so-called pop-out technique (see [29] for details) was used for partial replacement of the YlODC wildtype gene. Basically, the method involved integration by homologous recombination of a plasmid (pFJ3) containing a fragment of the YlODC gene, and the URA3 gene as a selectable marker. This created a duplication containing the wild-type copy and the mutant copy of YlODC £ank-ing the plasmid sequences. The second step was the excision of the plasmid carrying the URA3 and wild-type genes, and selection for ura3 mutants by use of 5-£uoroor-otic acid resistance.
Analysis of the functionality of YlODC gene in E. coli was performed as follows : the full ORF was PCR-ampli¢ed from a plasmid (pFJ1), and subcloned in phase into pET28b (Novagen, Madison, WI, USA) which contains the strong bacteriophage T7lac promoter for expression in bacteria, and the gene conferring kanamycin resistance. The resulting plasmid (pFJ5) was used for transformation of the polyamine auxotrophic strain of E. coli EWH 319 [22] . ODC activity in intact cells was measured as described previously and expressed as nmoles of CO 2 released (mg protein) 31 (min) 31 [14] . Reported data are representative of at least three di¡erent experiments. The SpeI and NheI restriction sites (waved underlined, bold) of the genomic sequence, the genespeci¢c primers (GSP1 and GSP2) used for RACE (lowercase, bold and underlined), as well as the putative CAAT boxes (bold and encased), and tsp (double underlined A) are indicated. The asterisk locates the putative stop codon, and dotted underline marks the transcription termination motif. Double underlining indicates the consensus polyadenylation signal sequence. The site for addition of a poly(A) tail is indicated by an A inside a box.
Results
Isolation of the YlODC gene, and characteristics of the coded enzyme
Several positive clones were detected in the minigenomic library described above when screened with the PCR product isolated previously (see Section 2). One of these clones (E. coli 3-32) was selected for further analysis. The plasmid carried by this strain (pFJ1) was propagated, and its KpnI fragment (see Section 2) was sequenced. The sequence revealed the presence of a single ORF of 1350 bp. The deduced coded protein displayed high homology with ODCs from other sources (see below). It contained 449 amino acids with a molecular mass of 49 183.9 Da, and an isoelectric point of 4.74. No consensus splicing sequences were detected. The 5P-RACE method was used to resolve the location of the site of transcription initiation (transcription start point, tsp). According to the results obtained, transcription initiation takes place at a single site, the A residue located at 3218 bases upstream from the predicted start of translation. Two possible CAAT boxes were located at positions 3340 and 3508 bp from the start point of translation, but no TATA box was identi¢ed. The 3P-RACE method identi¢ed a site for addition of a poly(A) tail, which corresponded to the A residue +75 bases downstream from the predicted termination site of translation. A consensus polyadenylation signal sequence (1402^1408 bp; AATAAA) was identi¢ed 18 bp upstream from the poly(A) addition site (Fig. 1 ). In agreement with other Y. lipolytica genes [30] , YlODC displayed the common transcriptional termination motif TAA...TAGT/ TATGT...TTT.
Alignment of the deduced amino acid sequence with those of other cloned ODCs showed a high degree of homology: 50.9% with Neurospora crassa, 46% with Saccharomyces cerevisiae, 45.2% with Coccidioides immitis, 38.7% with C. albicans, and 37.3% with Ustilago maydis enzymes. Higher homology was observed in the central part, compared to the amino-and carboxy-termini of the proteins (Fig. 2) . A consensus site,
, for cofactor (pyridoxal phosphate) attachment [31] was located between amino acid residues 101 and 119. Another consensus site containing a stretch of three consecutive glycine residues
, and proposed to be part of the substrate-binding region [32] , was located between amino acid residues 257 and 274. A cysteine residue, which is considered to be within the catalytic site, in the consensus sequence VWGPTCDGID [31] , was located at position 387. Two putative PEST regions, characteristic of proteins with a high turnover rate [33] , but with low PEST scores (especially one of them) of +1.68 and 36.47, were identi¢ed at residues 21^49 and 375^395 of the protein, respectively, using the algorithm described by Rechsteiner and Rogers [34] .
Further examination of the polypeptide sequence was carried out using the PSORT program (see Section 2) in order to determine the possible location of ODC in the cell. The results indicated a probable location of the enzyme in the cytoplasm (66%), nuclei (16%), and the rest in other organelle(s).
Transcription of the YlODC gene
Northern blotting using a 740 bp StuI fragment as a probe revealed a single transcript of about 1.7 kb (Fig.  3, lane 2) . RNA obtained from a null mutant (see below) was used as a negative control (Fig. 3, lane 1) . No RNA signal was observed in such disruptant. These results indicate that YlODC is transcribed into a single and speci¢c mRNA.
Disruption of the YlODC gene
The Y. lipolytica ODC gene was deleted using the popout technique as described in Section 2. The URA3 gene obtained by digestion of pINA444 [35] with SalI was ligated to the only SalI site of the polylinker in pFJ1 plasmid to obtain pFJ2. Most of the ORF (1223 bp, 90.5%) was deleted in this plasmid by digestion with StuI and NheI (Fig. 4A) . The resulting pFJ3 plasmid was linearized by digestion with SnaBI, and used to transform the P01a strain of Y. lipolytica. Ura transformants were selected, and checked by Southern hybridization, utilizing the whole ODC gene KpnI-StuI fragment as a probe. Southern analysis revealed that two of the mutants contained both the wild-type 3.5 kb KpnI fragment, plus a deleted 2.1 kb fragment of the YlODC gene (Fig. 4B, lane 2) . After counterselection on 5-£uoroorotic acid, loss of the wild allele was con¢rmed by hybridization with the same probe (Fig.  4B, lanes 3^5 ).
Determination of the phenotype of the odc null mutant
The odc null mutants obtained above behaved as polyamine auxotrophs. Further studies were carried out with one of them (FJOD). When it was grown in complete medium, and afterwards transferred to polyamine-free synthetic medium, the mutant grew at a reduced rate compared to the wild-type after two cycles of growth, but required three transfers to putrescine-free medium in order to stop growing ( Table 1) . Addition of 5 mM putrescine restored the growth rate to a value similar to that of the parental strain. ODC activity from the parental and mutant strains was measured in cells grown for 5 h in polyamine-free minimal medium. ODC speci¢c activity in P01a was approx. 1.2 nmoles (mg protein) 31 (min) 31 . On the other hand, speci¢c activity of the mutant was about 0.04, a value probably representing the background. To con¢rm that phenotype of the FJOD strain was solely due to disruption of the YlODC gene, it was transformed with the plasmid containing the YlODC and YlURA3 genes (pFJ2, see above) opened at the NarI site. Transformants were recovered in uracil-less medium. Several Ura transformants grown in this medium were transferred to a medium without putrescine, and prototrophic strains recovered. These strains were found to have recovered ODC activity, and the wild-type gene as determined by PCR (not shown).
Functionality of the gene in bacteria was evidenced by transformation of a polyamine auxotrophic strain of E. coli EWH 319) with the plasmid carrying the YlODC ORF under the control of the bacteriophage T7lac promoter (pFJ5). Transformants were recovered on kanamycin-containing LB agar. Transfer to minimal medium revealed that transformants were prototrophic, and that they, in contrast with the parental strain, displayed ODC activity (not shown).
Polyamine requirement for growth and mycelial development
As previously observed with U. maydis and C. albicans [16, 17] , requirement of polyamines for dimorphism was more stringent than its requirement for growth. When incubated in liquid synthetic medium under conditions that induce mycelial growth, requirements of the odc mutant FJOD were satis¢ed by polyamine concentrations as low as 1 WM. At this concentration, growth was reduced by only 25% compared to that obtained in the presence of 1 mM putrescine. On the other hand, dimorphic transition was highly dependent on putrescine concentration. Mycelial cells were absent in the medium supplemented with 1 WM putrescine, and its population increased as polyamine supply was raised (Figs. 5 and 6 ). Similar results were obtained on solid media. Colonies of the odc strain FJOD grown on agar plates of minimal medium containing 1 WM putrescine appeared smooth, and made of yeastlike cells, whereas those grown in the presence of 5 mM polyamine looked as rough as the parental strain, and were made of a mixture of mycelial and yeast-like cells (Fig. 6) .
Regulation of intracellular polyamine levels was brought about by use of an inducible promoter. For these experiments we used the inducible promoter of the Y. lipolytica MTPI-II genes coding for metallothioneins in the 5P-3P sense [36] . A 1-kb fragment was excised from a plasmid containing the full promoter (pSGS70) with EcoRI and BamHI, and subcloned into pINA444 to produce plasmid pINA444Cu. The YlODC containing its own ATG and terminator was PCR ampli¢ed and cloned into the BamHI site of this plasmid to produce pFJ4. Construction was con¢rmed by restriction analysis and sequencing. Transformation of null odc mutants with this plasmid led to recovery of putrescine prototrophy. Cells of one of these transformants (Y. lipolytica FJCO) grown in a medium containing increasing amounts of copper sulfate displayed an ODC activity proportional to the salt content up to 2 mM ( Table 2) . Growth of the strain and dimorphic transition were also dependent on the concentration of copper added to the medium, except that at the lowest copper concentration used, a decrease in growth was observed ( Table 3 ). As deduced from data for the parental strain presented in the same table, this decrease was due to the toxicity of the metallic ion. Such a toxic e¡ect was compensated at higher copper concentrations by an increased level in YlODC transcription. Copper had no inhibitory e¡ect on mycelial growth of the fungus (Table 3 ).
Discussion
It is interesting to note that the exact mode of action of polyamines, especially in di¡erentiation processes, remains largely unknown. It has been observed that during fungal di¡erentiation, activity of the key enzyme for polyamine synthesis, ODC, as well as polyamine levels are increased severalfold [11^13] . Studies of the e¡ect of ODC inhibitors on several fungi have revealed that they blocked di¡eren-tiation processes when present at levels that had minimal e¡ect on growth [13^15, 37, 38] . Similar results have been reported for Y. lipolytica [14] . Criticism that may be raised to the use of inhibitors was eliminated by the observation that dimorphism in vodc mutants of U. maydis and C. albicans was much more sensitive than cellular growth to the addition of low polyamine concentrations [16, 17] . In the present study we have analyzed this phenomenon in Y. lipolytica in order to further analyze the problem.
Isolation and characterization of the YlODC gene revealed high homology of the coded protein with ODCs from other fungi, and some relevant features. The gene lacks a TATAA box, a feature that coincides with the U. maydis gene [16] . Absence of this box is not uncommon in fungi [39, 40] , nevertheless two CAAT boxes at 3508 and 3340 bp from the ATG were identi¢ed. The initial point of transcription was located at 3218 bp within a CA dinucleotide, a feature agreeing with other genes of Y. lipolytica [41, 42] . In S. cerevisiae the corresponding initial transcription site for ODC was located at 3211 bp [43] , indicating a similar size of the upstream region with the Y. lipolytica gene. The theoretical length of the mRNA obtained from the addition of 218 bp to the tsp, 1350 bp of the ORF, and 75 bp of the end region, plus the poly(A) (50 bp), was in agreement with the observed size of the transcript in the gel. Speci¢c motifs of the enzyme identi¢ed in other organisms [31, 32] , such as the active and the cofactor-and substrate-binding sites, were present in the Y. lipolytica ODC. Functionality of the gene was demonstrated by its capacity to revert the phenotype of both Y. lipolytica and E. coli polyamine auxotrophs. It is interesting to note that genes coding for ODC from S. cerevisiae [44] , C. immitis [45] , and Y. lipolytica all have the capacity to complement the bacterial odc mutant, although the GC content of their coding genes is noticeably dissimilar : 40, 52 and 56%, respectively.
Putative PEST regions characteristic of proteins with a high turnover rate [33] were identi¢ed in the Y. lipolytica enzyme. Interestingly, the second putative PEST box is located at the active site of the enzyme. Both PEST motifs had a low score in agreement with other fungal ODCs [16, 46, 47] . Nevertheless, since an antienzyme mechanism for regulation of ODC levels in Schizosaccharomyces pombe has been identi¢ed [48] , it is possible that they may be operative, as it occurs for animal ODCs.
Disruption of 90% of the YlODC ORF led to polyamine requirement for growth, as it occurs in other fungal odc mutants: S. cerevisiae [43] , N. crassa [49] , U. maydis [16] and C. albicans [17] . These data agree with the idea that fungi utilize this single route for polyamine biosynthesis. The Y. lipolytica mutant released only minimal levels of CO 2 when ODC activity was measured. Since whole cells were used for these assays, it may be argued that these extremely low levels of carbon dioxide came from an activity other than ODC.
The mutant helped to demonstrate that the requirement of di¡erent polyamine concentrations for growth and differentiation in fungi is a general phenomenon. Addition of di¡erent levels of putrescine revealed on one side that the fungus can grow with minimal amounts of the polyamine (1 WM) well beyond the minimal concentrations found in other systems [16, 17] . Nevertheless even lower amounts of spermidine (10 310 M) were found to allow slow growth of an S. cerevisiae auxotroph [50] . More interesting was the observation that dimorphic transition was obtained only with much higher concentrations of putrescine, as previously reported for U. maydis and C. albicans [16, 17] . An e¡ect of permeability problems of extracellular polyamines as a possible explanation for the phenomenon was eliminated when the null mutant was transformed with a plasmid carrying the wild gene under the control of the metallothionein promoter of the fungus. This system also helped to demonstrate a ¢ner control of the phenomenon. Growth, enzymatic activity and dimorphism were all dependent on the concentration of copper added to the system. Growth inhibition at the lowest copper concentration is probably due to its toxic e¡ect. The basal levels of growth and ODC activity (but not dimorphism) obtained in the absence of copper are explained by the fact that the promoter has a basal constitutive activity [36] .
As tentative hypotheses for the requirement of high polyamine concentrations for mycelial growth, we may suggest that some mRNAs involved in di¡erentiation may be less stable than the rest, requiring higher concentrations of polyamines to be stabilized. Alternatively, requirement of polyamines for adequate binding of transcription factors involved in expression of those genes may be an attractive possibility. And ¢nally, the existence of a polyamine-induced frame shifting during translation, operative in di¡erentiation, could be invoked. The observation of the existence of this mechanism in ODC regulation in S. pombe [48] may be an argument to sustain this last hypothesis.
